Original scientific paper https://doi.org/10.2298/TSCI170117154Z 191.4, 149.9, and 201.6 kJ/moL, respectively. In addition, the thermal decomposition G1, G2, and G3 were endothermic, 
Introduction
Ginkgo biloba leaves (GBL) is a kind of traditional Chinese herbal medicine, which contains lots of active ingredients such as flavonoids, terpene lactones, and polyprenol [1] [2] [3] [4] [5] . In GBL, polyprenol is one of the most important active ingredients because of excellent biological activities [6] [7] [8] [9] [10] . As a result, the research on the extraction of polyprenol from GBL has always been a hotspot. Up to now, the primary method of extracting polyprenol from GBL is organic solvent extraction, but its extraction efficiency is low. For the sake of increasing extraction efficiency of polyprenol, a number of cell wall disruption technologies have been developed. Enzymolysis-based ultrasound extraction (EBUE) is a relatively new cell wall disruption method and is widely applied to the extraction of many active substance. Because it not only can increase the extraction efficiency but also be able to reduce the consumption of organic solvent [11, 12] .
The EBUE of polyprenol from GBL was previously researched by Zhang et al. [13] and they found that the yield of polyprenol could reach 0.7954%, which represented an increase of 69.70% compared with the petroleum ether extraction. However, the GBL after extracting
Thermal decomposition kinetics analysis
The analyses of thermal decomposition kinetics is often expressed by eq. (2) [17] :
In eq. (2), k(T) can be expressed by the eq. (3):
As β = dT/dt under non-isothermal condition, the eq. (2) can also be expressed by eq. (4) [18] :
Its integral form is:
where
with m o and m f as the initial and final masses, respectively.
Friedman method
Friedman method is expressed by eq. (7) [19] :
By plotting ln(d α /d t ) vs. 1/T, E value can be computed.
Kissinger method
Kissinger method is not involved in mechanism function, thus, the calculated result of E value is relatively correct. Kissinger method is expressed by eq. (8) [20] [21] [22] [23] :
By plotting ln (β/T p 2 ) vs. 1/T p , the values of E and A can be calculated.
Flynn-Wall-Ozawa method
This method does not need to be aware of reaction order, and it is an integral method [24] .The Flynn-Wall-Ozawa method is represented by eq. (9) 
By plotting lnβ vs. 1/T at certain conversion rates, the value of E can be calculated from the value of slope (−1.052E/R).
Coats-Redfern method
Coats-Redfern method is expressed by eq. (10) [25] :
Substituting g(α) of tab. 1 into eq. (10), and plotting ln[g(α)/T 2 ] vs. 1/T, E values of different reaction mechanism functions can be calculated based on the slope (−E/R).
Supposing:
For the most of E values and ordinary reaction temperature T, E/RT >> 1. Thus, ln[AR(1 -2RT/E)/βE] = constant. By plotting ln[g(α)/T 2 ] against 1/T, the E values of different mathematical reaction models can be achieved according to the value of slope (−E/R).
Determination of the most probable mathematical reaction model
On account of compensation effect exists in the activation energy and pre-exponential factor, leading to the kinetic parameters of same substance are different. It is obvious that the difference between selected mathematical reaction model form and actual kinetic process is primary cause. Thus, the selection of the most probable mathematical reaction model is crucial. For the objective of choosing the most probable mathematical reaction models of G1, G2, and G3, forty kinds of kinetic mathematical reaction models (see tab. 1) were substituted into Coats-Redfern equation to calculate the values of activation energy, severally. The E values obtained from Coats-Redfern method which are nearest to the range of E values gained from Kissinger, Friedman, and Flynn-Wall-Ozawa methods are the most probable mathematical reaction models of G1, G2, and G3, separately.
Table 1. The algebraic expressions of g(α) for forty kinds of mathematical reaction models
No.
Calculation of lnA Equation (13) is utilized to estimate the value of lnA [26] :
By fitting E and lnA of most probable mathematical reaction model at different heating rate, the value of a and b can be got from the values of the slope and intercept. Thus, the value of lnA can be calculated by substituting E into eq. (13).
Calculation of thermodynamic parameters
As the values of E and pre-exponential factor A were determined, thermodynamic parameters of thermal decomposition reaction can be acquired from eqs. (14)- (16) [27, 28] :
Results and discussion

Thermal decomposition and thermal stability of G1, G2, and G3
The DTG-TG curves of G1, G2, and G3 were showed in fig. 1 . As shown in fig.  1 , it is concluded that DTG curve trends of G1, G2, and G3 are similar, and they all go through four stages, including dehydration stage, preheat decomposition stage, main thermal decomposition stage, and coke decomposition stage. In addition, TG and DTG curves shifted to higher temperature zone with the increase of heating rate, without changes in the kinetic curves, this is in accordance with the report of Esin et al. [29] . From the kinetics point of view, the thermal behavior suggests that the reaction rate is only function of the temperature and the thermal decomposition mechanism of the reaction is independent of the heating rate, at least under the experimental condition used in this study. The reason of appearing this phenomenon may be that the higher heating rate is, the time reached the same temperature is shorter and the extent of reaction for sample is lower. Meanwhile, the difference of heating rate caused the rate of heat transfer from internal to external was variational. In addition, heating rate directly influenced the temperature gradient of crucible sidewall and sample, leading to the phenomena of thermal hysteresis aggravated. The G1, G2, and G3 were turned into micro-molecular gases and macro-molecular condensable volatiles during main thermal decomposition stage, and the weight loss of this stage accounted for about 70% of total mass of decomposed sample. Therefore, subsequent kinetics analysis of G1, G2, and G3 mainly focused on this stage. The thermal decomposition indexes of G1, G2, and G3 were showed in tab. 2. As shown in tab. 2, it was obvious that the I values of G2 and G3 were higher than G1, stating that G2 and G3 were easier to decompose than G1. This may be because that enzymolysis and ultrasound disrupted the structure of high stable ingredients such as cellulose in the cell wall of GBL, leading to the thermal stability of G2 and G3 reduced. In addition, it is clear that the thermal stability of G2 was lower than G3. The G2 was obtained by removing enzymatic hydrolysate, the enzymatic hydrolysate took away lots of water soluble ingredients from G2, in which some ingredients may be hard to decompose, resulting in G2 was easier to decompose. All in all, the thermal stability sequence of G1, G2, and G3 was that G2 < G3 < G1.
Table 2. Thermal decomposition indexes of G1, G2, and G3
Sample 
Non-isothermal kinetic of G1, G2, and G3
The thermal decomposition kinetics of G1, G2, and G3 were investigated using Flynn-Wall_Ozawa (F-W-O), Friedman, Kissinger, and Coats-Redfern methods. The E values of G1, G2, and G3 calculated by the Kissinger method are 173.6, 140.5, and 168.4 kJ/moL, respectively. The values of lnA are 35.36, 30.00, and 32.55, separately. In addition, the linear correlation coefficients, R 2 , of G1, G2, and G3 are 0.9809, 0.9876, and 0.9876, singly. The kinetic parameters calculated by F-W-O and Friedman methods are given in tab. 3. As shown in tab. 3, the E values of G1, G2, and G3 calculated by F-W-O and Friedman methods increased with the rise of conversion. This may be because that the exist of hemicellulase, cellulose, and lignin caused the thermal decomposition of GBL become harder and harder with the reaction going on. In addition, the values of activation energy achieved from F-W-O method is slightly lower than Friedman method. All the linear correlation coefficients of G1, G2, and G3 were favorable, and the range of activation energy values for G1, G2, and G3 were 164.0-267.1, 110.8-219.7, and 146.2-221.4 kJ/moL, severally.
The kinetic parameters calculated with the Coats-Redfern method are listed in tab. 4. From tab. 4 it can be seen that the activation energy varied with the rise of heating rates. This is because the activation energy values tend to change with the heating rate for the same reaction model [30] . The range of E value for G1 calculated by aforementioned three kinds of methods was 164.0-267.1 kJ/mol. It was concluded that only E value calculated by 20 model was nearest to it. Therefore, it was inferred that 20 model could exactly describe the thermal decomposition process of G1. In a similar way, it was concluded that 19 and 20 model could exactly describe the thermal decomposition process of G2 and G3, respectively. Therefore, the decomposition mechanism of G1 corresponds to random nucleation and growth, following the Avrami-Erofeev equation with n = 4, integral form g(α) = [-ln(1 -α)] 4 ; Decomposition mechanism of G2 and G3 are the same with G1, and reaction order of G2 is n = 3, integral form
Reaction order of G3 is n = 4, and integral form g(α) = [-ln(1 -α)]
4 . Kinetic parameters and compensation effect of G1, G2, and G3 at different heating rate were showed in tab. 5 and fig. 2 , respectively. Expressions of kinetic compensation effect Table 4 . Kinetic parameters of G1, G2, and G3 obtained from Coats-Redferm method for G1, G2, and G3 were gained by fitting datas of tab. 5. Thereby, values of activation energy E and pre-exponential factor A for G1, G2, and G3 could be calculated. Activation energy E values of G1, G2, and G3 were obtained to be 201.6, 149.9, and 191.4 kJ/mol, respectively, and pre-exponential factor A values of G1, G2, and G3 were achieved to be 1.553·10 17 , 1.352·10 13 , and 2.752·10
15 min -1 , severally. Differential form, activation energy E value and pre-exponential factor A value of G1, G2, and G3 were separately substituted into the eq. (4), thus kinetic expressions of G1, G2, and G3 were displayed in eqs. (14)- (16), respectively. According to the actual E values of G1, G2, and G3, it is concluded that the thermal stability order of G1, G2, and G3 is that G2 < G3 < G1. This also proved the veracity of aforementioned thermal stability results of G1, G2, and G3. 
Thermodynamic parameters of G1, G2, and G3
The values of E, A, and T of G1 were put into eq. (10)- (12) , then the ∆H, ∆S, and ∆G values of G1 were obtained to be 196.7 kJ/mol, 13.71 kJ/( mol·K), 188.7 kJ/mol, respectively. In a similar way, ∆H, ∆S, and ∆G values of G2 were gained to be 145.3 kJ/mol, 31.29 J/ ( mol·K), 128.0 kJ/mol, respectively, and ∆H, ∆S, and ∆G values of G3 were achieved to be 186.3 kJ/mol, 36.35 kJ/( mol·K), 164.0 kJ/mol, respectively. All of values of ∆H, ∆S, and ∆G calculated from G1, G2, and G3 were greater than zero, stating that thermal decomposition of GBL and its waste residue are all endothermic, irreversible and non-spontaneous.
Conclusion
The TG technology was successfully used to analysis thermal stability, thermal decomposition kinetics, and thermodynamic properties of G1, G2, and G3. The thermal stability order of G1, G2, and G3 is that G2 < G3 < G1. Non-isothermal decomposition mechanism of G1, G2, and G3 are all corresponded to random nucleation and growth, following the Avrami-Erofeev equation, and apparent activation energy values of G1, G2, and G3 are 201.6, 149.9, and 191.4 kJ/mol, respectively. In addition, the values of ∆H, ∆S, and ∆G of G1, G2, and G3 states that thermal decomposition of GBL and its waste residue are all exothermic, irreversible and non-spontaneous. These datas could provide theoretical references for the thermal application and reuse of G1, G2, and G3.
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